Thermal oxidation of MBE-grown silicon nanowires with a gold droplet on their tips was investigated. Two kinds of oxidation behavior were observed: (i) enhanced axial oxidation, if there was a direct contact between the gold droplet and the nanowire, and (ii) conventional oxidation for nanowires when there was no direct contact between the gold and silicon. For a dry atmosphere, such enhanced oxidation takes place at temperatures down to 500
Introduction
Silicon nanowires (Si NWs) are of great interest for microelectronic applications due to their unique electrical and optical properties. Very thin semiconductor NWs with a diameter of about 5 nm show physically interesting quantum confinement effects [1] . Thicker NWs can be thinned down via thermal oxidation [2] [3] [4] in order to achieve quantum confinement effects. However, electrically active defects on the NW surface, the so-called surface states, can also be reduced by an oxidation procedure.
Thermal oxidation of Si, in general, takes place according to the Deal-Grove model [5] . In the present paper, it is denoted as 'conventional oxidation'. The oxidizing agent diffuses through an already existing oxidized layer and oxidizes the silicon at the interface Si/SiO 2 . Thereby, the oxide layer already formed is being pushed outwards. At the beginning, the oxidation reaction has a linear behavior because the oxidation is reaction controlled. With increasing oxide thickness, the oxidation rate changes to a parabolic behavior since the reaction gets more and more diffusion controlled. For the very initial oxidation regime the oxidation rate is much faster, which was explained by Massoud and Plummer [6] . For cylindrical structures, some changes occur additionally because in this case the oxidation is retarded due to the occurrence of stresses [3, 7, 8] .
The results of the reaction of a cylindrical, onedimensional structure should be compared with the studies on oxidation experiments on Si wafer surfaces covered by a thin Au film. Corresponding experiments on such two-dimensional structures have been intensively carried out during the last 30 years [9] [10] [11] [12] , yielding different reaction models. All of these models discuss the possibility that the bonds of a Si lattice are weakened when they are in contact with Au. Thereby the Si atoms, which are lying at the Si/Au layer interface, can easily diffuse into and through the gold. They are oxidized at the surface of the two-dimensional Au layer in an oxidizing atmosphere [9] . It was observed that the oxidation proceeds at a much higher oxidation rate and at lower temperatures than the conventional oxidation of bulk Si.
For a discussion of the oxidation behavior of NWs, the specific conditions of their formation have to be taken into account. Semiconductor NWs are quite often grown by the so-called vapor-liquid-solid mechanism (VLS) (see, e.g., [13] ). It is characterized by small metal droplets, which act as catalytic particles for the NW synthesis. The metal droplets (often gold is used) are on the tip of the growing NW; there is always a direct contact between the droplet and the generated semiconductor crystal lattice. In the present paper, we have investigated the oxidation behavior of NWs grown by molecular-beam epitaxy (MBE). In this case, the growth mechanism differs from the classical VLS [14, 15] . When these Au-capped NWs are oxidized, enhanced axial oxidation can occur. This phenomenon was already experimentally observed by Westwater et al [16] in 1997, but not further discussed at that time. This gave us the motivation for a more detailed experimental study of this phenomenon of the enhanced oxidation reaction on Si NWs. The first preliminary results were reported in [17] . Here we present a more detailed analysis.
Experiment
Undoped single-crystalline 1 1 1 Si NWs were grown in a MBE chamber at a temperature of 525
• C and at a pressure On their tips are hemispherical Au:Si eutectic droplets [15] . NWs are surrounded by trenches where the material is consumed due to Si diffusion.
of 10 −9 mbar [14, 18] . First, Au is evaporated onto a 1 1 1 oriented Si substrate with a nominal thickness of 2 nm. Because of the high temperature, droplets are formed that have a diameter distribution which can be described by an Ostwald ripening process. The mean diameter amounts to about 110 nm. Furthermore, the droplets are transformed into an Au:Si alloy (eutectic temperature for Au-Si: 360
• C; see, e.g., [19] ). It has to be mentioned that beside the droplets, a Au-wetting layer is formed on the whole substrate consisting of a Si-Au eutectic phase and having a thickness of a few monolayers [15] . In the next step, Si is evaporated using an e-beam evaporator. The Au droplets consume the Si adatoms from the surrounding, and the NW growth proceeds from the Au/Si eutectic supersaturated by Si [15] . MBE-grown Si NWs are characterized by a low aspect ratio with diameters between 80 and 160 nm and lengths between 100 and 500 nm. An example of the NWs is presented in figure 1 .
Thermal oxidation experiments were carried out both in dry and in wet atmospheres. First results were reported by the authors in [17] . Dry oxidation was carried out in a tube zone furnace at temperatures between 250
• C and 1000
• C, using a constant gas flow of 70 SCCM (cubic centimeter per minute at STP) nitrogen and 30 SCCM oxygen. This composition was chosen to simulate a reaction under normal ambient air. At the beginning, the furnace was pumped down followed by the heating up under a N 2 atmosphere to avoid any pre-oxidation. After reaching the desired oxidation temperature, the gas was switched to a mixture of oxygen and nitrogen. To stop the reaction, the gas flow was immediately switched back to N 2 and the furnace was cooled down.
Wet oxidation was carried out in two different systems. Most of the experiments were performed in a furnace using normal air, which included ambient humidity. Even though the humidity might have slightly changed within such oxidation series, the results received were qualitatively comparable. As a reference experiment, the wet oxidation was realized in a tube furnace with an unheated bubbler. The nitrogen gas stream was guided through a water vessel and thereby saturated with water molecules. The wet oxidation was done at 100
• C and 250
• C for oxidation times of 5 min, 10 min, 15 min, 30 min, 1 h, 3 h and 6 h, respectively. 
Results and discussion
In principle, two different kinds of oxidation behavior of Si NWs were observed, as described in the following: (i) conventional oxidation and (ii) enhanced axial oxidation of the NWs. The characteristic feature for the latter case was an increased reaction of freshly grown NWs in the axial direction. At the sidewalls of the NWs, however, a formation of oxide layers was observed with a growth rate expected from conventional oxidation. Furthermore, (iii) in comparison to oxidation at a dry atmosphere, the NWs can be oxidized at much lower reaction temperatures, when a wet atmosphere is applied. Therefore, the results are divided into three subsections. Figure 2 presents TEM cross-section images of dry-oxidized Si NWs at different reaction temperatures for a reaction time of 3 h. The dark regions correlate to the Au:Si eutectic cap promoting the fast reaction. Note that the gray spots (size <5 nm) on the NW surface, especially visible in figure 2(a) , are Au-containing clusters and are the result of the VLS-growth process of the Si NWs. When cooling down the wafer, the Au wetting layer mentioned on the surface collapses, forming small clusters.
Enhanced axial oxidation under a dry atmosphere
The NWs got shorter quite fast during oxidation and at the same time, a SiO 2 wire was formed on the top of the droplet. The mechanism of this reaction is schematically shown in figure 3 . It can be assumed that the droplet consists of a Au:Si eutectic, since immediately after increasing the reaction temperature (T > 360
• C) Si atoms are dissolved from the NW into the droplet. This experimental behavior is similar to the enhanced oxidation of planar silicon covered by a gold layer • C for 3 h. In this case, a SiO 2 film (gray) was formed before the thermal oxidation preventing the Si pillar from silicon diffusion through the Au droplet. on top, observed by several different research groups [9] [10] [11] [12] . These authors assumed that the covalent bonds of the Si atoms at the interface to the gold were weakened due to the presence of Au. Thereby single Si interface atoms will, as a first step, be fast removed from the crystal lattice and diffused into the liquid droplet. As a second step, the Si atoms diffuse through the gold and are oxidized on top of the Au:Si droplet. The SiO 2 pillar (light gray) generated by the reaction has a volume about twice as high as the Si NW. This relates to the different atomic volumes of Si (about 20Å
3 ) compared to the SiO 2 volume (about 45Å
Conventional oxidation under a dry atmosphere
In contrast to the above-mentioned behavior, no axial enhanced oxidation was observed in the case when the Au:Si droplet was not in a direct contact to the Si NW, but separated, e.g., by a thin amorphous oxide layer. Figure 4 presents a TEM image of a NW, which was oxidized at 850
• C in a dry atmosphere. Thereby, a SiO 2 layer was formed not only around the surface of the NW, but also between the Au:Si droplet and the Si pillar. In both cases, the thickness of the formed oxide corresponds nearly to the thickness of conventional oxidation described by the Deal-Grove model.
Even an intermediate SiO 2 layer of about 2 nm seems to suppress the enhanced reaction described above. Such thin layers have to be formed after the NW growth. We observed the occurrence of such amorphous layers by TEM in the case of wafer pieces, which were stored in air after the growth for 2-3 months before carrying out oxidation experiments. The nature of such thin amorphous layers was identified by EELS measurements as silicon oxide. An example of such an analysis is presented in figure 5 . The chemical composition was determined along the red line.
The spectrum of the interface layer shows that it is a superposition of the spectra of Si and SiO 2 . The characteristic peak at 101 eV belongs to Si and the one at 108 eV to SiO 2 . Such thin oxide layers (thickness < 2 nm) might be the result of lateral oxidation of the Au/Si interface even at room temperature.
This thin oxide interface layer hinders the weakening of bonds of the Si lattice by the Au atoms. Therefore, enhanced oxidation can no longer occur because of this SiO 2 barrier layer, and the Si NWs oxidize in the conventional way. This mechanism is schematically shown in figure 6 . The NW oxidizes equally from all sides.
It is of interest to compare the thickness of the oxide layer on such Si NWs with values of the two-dimensional layers formed on the wafer surface close to the NWs as well as with values of the predicted conventional oxide thickness. The results are demonstrated in figure 7 for two oxidation experiments at 750
• C and 850
• C, respectively. These experimental data were compared with the calculated ones for dry oxidation of planar 1 1 1 oriented silicon 1 . Corresponding graphs in figure 7 display the differences between dry oxidation at 750
• C (a) and 850
The experiments carried out at 750
• C demonstrate that the dry oxidation leads nearly to the same oxide thickness for the oxide shells around the Si NWs as well as for the planar Si wafer surface around them. This supports our assumption that the relative thick NWs behave as bulk material. An influence of their curvature, which might generate stress within the oxide shell observed for smaller NWs [3] , seems to be negligible in the present case, where the oxide thicknesses are not larger than 20 nm. However, the experiments show that the experimentally measured oxide thicknesses are larger than the simulated ones ( figure 7(a) , black curve). The reason for this observation might be the following.The presence of Aucontaining clusters, which results from the wetting layer for both the surfaces of the NWs (see figure 2(a) ) and the planar Si surface, might be responsible for the slightly enhanced oxidation at 750
• C compared to the simulated values. The local oxide thickness above the gold clusters is thicker by a few nanometers which was confirmed with TEM measurements.
The observations for the case of dry oxidation at 850
• C slightly differ ( figure 7(b) ). Here, the experimental oxide thickness on the wafer surface correlates to the simulated thickness. However, the growth rate of the NW oxide decreases for shell thicknesses >30 nm. In this case, the curvature of the thinner NW has to be taken into account. The developing mechanical stress within the SiO 2 shell increases drastically, thereby retarding the oxidation reaction [3, 4] .
Si NW oxidation in a wet atmosphere
In the following, the results of dry oxidation will be compared with the experiments of the wet oxidation of NWs. In general, there are significant differences between both methods. This concerns, firstly, the experimental parameters. Water vapor has a much higher solubility in silicon dioxide (3 ×10 ). Additionally, the SiO 2 network gets more porous during wet oxidation because of the hydroxyl groups that are built into it. The smaller water molecules compared to oxygen molecules can diffuse quite fast in this porous network [20] . The gold-enhanced wet oxidation was also investigated for CVD-grown NWs by Xie et al [21] .
Second, Si NWs oxidize much faster when using wet oxidation even at a low temperature. While for dry oxidation, an oxidation temperature of at least 850
• C and a reaction time of 6 h are needed to transform a Si NW completely into a NW of SiO 2 , the same can be achieved by wet oxidation within 30 min at 250
• C (which is below the eutectic temperature of 360
• C).
Third, the morphology of the wet-oxidized NWs shows differences to that for dry-oxidized NWs. In the latter case, the NWs oxidize from the top to the base and the thereby generated SiO 2 wires are still perpendicular to the substrate. In the case of wet oxidation, a bent SiO 2 wire with a lamellalike oxide structure is formed. Figure 8 shows the different morphologies for a dry oxidized NW in comparison to a wet oxidized NW. It has to be mentioned that the actual temperature at the NW reaction interface might be higher in comparison to the measured furnace temperature due to the heat generated during oxidation.
Wet-oxidized Si NWs are characterized by lamella-like morphology, where the oxide has a segmented structure. Xie et al [21] found a similar behavior in the case of oxidized Si NWs grown by LP-CVD. We assume that the rapid oxidation reaction might cause such morphology. The generated oxide is pushed out after a certain thickness because of the existing stress. Due to the instability, the whole oxide layer is lifted and a new SiO 2 layer is formed, which is still connected to the old one. This mechanism explains the lamella-like structure.
It is striking that for wet-oxidized NWs, the Au:Si droplets are often elongated and separated into smaller droplets. This also happens for dry oxidation but mostly at higher temperatures and for longer oxidation times. There appears to be a larger amount of Au on the tip of the NW than needed for the oxidation reaction. It might be that the Au droplet is constricted by the existing stress in the oxide pillar during the oxidation process.
We observed the phenomenon of enhanced axial oxidation of the NWs in a wet atmosphere at furnace temperatures down to 250
• C. At lower temperatures, e.g. at 100
• C, we could not observe any remarkable oxidation. • C, 30 min. In both cases, an Au droplet moves down at the reaction interface and reaches the base of the NW after its complete oxidation. Please note that 250
• C is below the eutectic temperature of Au:Si.
Conclusion
Au droplets located at the tips of Si NWs play a significant role for the axial enhanced oxidation of 1 1 1 oriented Si NWs. Here we have analyzed the oxidation behavior of MBEgrown NWs. This enhanced oxidation occurs due to the direct contact between the eutectic Au:Si droplet and the Si NW and can be regarded as a negative growth of the Si pillars. The oxidation of dissolved Si atoms at the Au:Si-SiO 2 interface decreases the Si concentration in surface regions inside the droplet resulting in a concentration gradient of dissolved Si atoms toward the Au/Si interface. The bonds of the Si crystal lattice are weakened at the interface by the presence of Au and, thereby, Si atoms can be dissolved in the eutectic droplet. Si diffuses through the droplet and will be oxidized on top of it in an oxidizing atmosphere. This enhanced oxidation is even more severe in a wet atmosphere, where complete oxidation of NWs takes place even at a temperature as low as 250
• C which is below the eutectic temperature of 360
• C for the Au:Si system.
In contrast to the enhanced NW oxidation described, a conventional reaction is observed when there is no direct contact between the Au droplet and the NW. This effect was discovered, e.g., for Si NWs which were stored for 2-3 months in a normal atmosphere. Even a thin oxide layer (thickness 2 nm) between the Si lattice and Au:Si droplet acts as a barrier and the Au atoms cannot weaken the Si lattice bonds.
The described enhanced reaction has to be taken into account for an application of Si NWs as buildings blocks for future electronic devices. Locally restricted acceleration of directional etching (or growing) might have advantages, but also disadvantages. Such an implementation of directional fast etching/oxidation processes by metal particles might be critical for CMOS technology. Related problems can be overcome by a careful metal cleaning process before oxidation or by using other metals. Taking related problems into account, the discussed effect of enhanced oxidation might have a potential application of the nanostructuring of silicon devices.
